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We investigated the effects of body mass and latitude on
primary moult duration from published data of migrat-
ing shorebirds that moult exclusively on the wintering
grounds. Non-phylogenetic and phylogenetic models
demonstrated that body mass and latitude correlate with
moult duration in a non-additive way: the models pre-
dict different latitudinal relationships for smaller and
larger shorebirds, and in the northern hemisphere, pri-
mary moult duration increased allometrically with body
mass (exponent = 0.17), whereas in the southern hemi-
sphere, primary moult duration was not correlated with
body mass. If birds optimize feather quality and if
slower moult yields sturdier feathers, the fast primary
moult of northerly wintering shorebirds indicates
additional selection pressures at work.
Keywords: allometry, comparative analysis,
feathers, latitudinal effects, tissue repair, waders.
Moult is an important phase of the life-cycle during
which birds replace worn feathers, restore or adjust the
insulation of the plumage, and may change plumage
colours (Jenni & Winkler 1994, Hedenstr€om 2006, Ginn
& Melville 2007, Buehler & Piersma 2008). Moult dura-
tion and primary growth rate increase with body mass,
and in the largest birds the replacement of all ﬂight
feathers may occur over several years (Hedenstr€om
2006, Rohwer et al. 2009).
In many long-distance migrant shorebirds, the pri-
mary moult following reproduction takes place on the
wintering grounds (Remisiewicz 2011). In some taxa,
moult starts on the breeding grounds, is suspended dur-
ing subsequent migration and resumes on the wintering
grounds (Underhill 2003, Ginn & Melville 2007). In
shorebirds moulting exclusively on the wintering
grounds, the duration of primary moult varies with
latitude, being shorter at northern than at southern
latitudes (Morrison 1976, Summers et al. 1989, Marks
1993, Underhill 2003, Serra et al. 2006, Remisiewicz
2011). This latitudinal effect was found in interspeciﬁc
and intraspeciﬁc comparisons, and has been related to
the harsher winter conditions at northern latitudes, forc-
ing northern wintering populations of shorebirds to com-
plete moult before the onset of winter. Dietz et al.
(2013) suggested that in north-temperate wintering Red
Knot Calidris canutus islandica the onset of harsher
weather conditions in October may be an important
selection pressure determining the timing of primary
moult termination, and hence moult duration, although
changes in food availability and the arrival of aerial
predators could also be involved.
The relationship between primary moult duration
and latitude in migratory shorebirds is well established,
but previous studies have not considered the effects of
differing body masses. As moult duration increases with
body mass, the latitudinal effect may differ between
large and small species, i.e. larger species may reach
minimal moult duration at more southern latitudes than
smaller species, which will affect the relationship
between moult duration and latitude. Using data from
the literature, we assessed whether the latitudinal effect
on primary moult duration in long-distance migrant
shorebirds is robust and, in particular, whether body
mass affects this relationship. In addition, if harsher win-
ter conditions are an important factor limiting moult
duration in northern latitudes, it may be that shorebirds
moulting at southern latitudes with more benign winter-
ing conditions are able to maximize moult duration,
which may affect the relationship between moult dura-
tion and body mass. Therefore we also assessed whether
this relationship differed between hemispheres.
METHODS
To avoid bias, we used only primary moult duration
data determined in adult free-living migratory shorebirds
following the method of Underhill and Zucchini (1988)
and Underhill et al. (1990). We selected studies on taxa
that exclusively moult on the wintering grounds, and
excluded birds with suspended moult and birds with
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other non-continuous and abnormal moult patterns. All
species included breed in northern latitudes, the
majority at high latitudes. When body mass was not
given, body mass during moult was taken from other
published or unpublished sources. When latitude was
not given, it was estimated from catching location. In
total we assembled data on 27 shorebird populations of
11 species (Table S1).
We analysed the overall relationship between primary
moult duration, and body mass and latitude by non-phylo-
genetic and phylogenetically informed analyses. Northern
latitudes were given a negative sign (e.g. 45°N = 45)
and southern latitudes a positive sign (e.g. 45°S = +45) in
the analyses. We used the phylogenetic supertree of
shorebirds (Thomas et al. 2004) to compute contrasts,
which was trimmed in MESQUITE 2.74 (Maddison & Madd-
ison 2010) to include only species for which data were
available (Figure S1). Data on several populations or sub-
species of a species were included by adding them as
polytomies (as in Gutierrez et al. 2012). Branch lengths
were speciﬁed by Pagel’s (1992) arbitrary method. We
calculated the phylogenetic signal (K statistic; Blomberg
et al. 2003) for latitude, log moult duration and log body
mass using the MATLAB program PHYSIG_LL.m. K
indicates the amount of signal in a trait relative to what
would be expected for the speciﬁed phylogenetic tree
given a Brownian motion model of evolution. If K = 1,
then that trait has exactly the amount of signal expected
for that given phylogenetic tree, whereas values > 1
indicate more signal than expected and values < 1 indicate
less signal than expected (Blomberg et al. 2003).
Because there was no a priori assumption as to the
nature of the relationship between moult duration on
the one hand and body mass and latitude on the other,
we estimated the overall effect of body mass and latitude
on primary moult duration with linear and quadratic
models using a non-phylogenetic conventional ordinary
least squares regression (OLS) and a phylogenetic gener-
alized least square regression (PGLS) in R 3.0.2. For the
PGLS models we used a Brownian motion correlation
structure (corBrownian), applying the packages ape
(phylogeny) and nlme (ﬁtting of linear and non-linear
models using generalized least squares; functions gls and
gnls). For the linear models, we ran a series of four
models with log(moult duration) as the dependent vari-
able and log(body mass), latitude, log(body mass) and
latitude; or log(body mass), latitude and their interaction
term as independent variables. For the quadratic models,
we ran a series of three models using the same indepen-
dent variables (a quadratic model with log(body mass)
and latitude without an interaction term was not possi-
ble). Model selection was based on the Akaike informa-
tion criterion corrected for small sample sizes (AICc). A
model was considered to describe the data signiﬁcantly
better when it had the lowest AICc or when it differed
< 2 AICc points from the model with lowest AICc.
Means are presented with standard error (se) and
compared with ANOVA (SPSS Statistics 20). Because
sample size per hemisphere was small, n = 13 for the
northern and n = 14 for the southern hemisphere, we
used conventional allometric regression and univariate
analysis of variance with log(moult duration) as the
dependent variable, log(body mass) as a covariate and
hemisphere as ﬁxed factor, to assess whether the
allometric relationship between moult duration and
body mass differed between hemispheres.
RESULTS
In the moult data used (Table S1), body mass and
primary moult duration had a signiﬁcant phylogenetic
signal (Table 1), suggesting that these physiological traits
are affected by their evolutionary history. Latitude,
however, did not exhibit a signiﬁcant phylogenetic signal
(Table 1), indicating that related species were not
statistically more likely to winter (and moult) at similar
latitudes than would be expected at random.
Primary moult duration of adult shorebirds was not
directly correlated with body mass (Fig. 1a, Table 2).
Moult duration increased with latitude from north to
Table 1. Statistics for randomization tests for signiﬁcance of the phylogenetic signal for latitude, moult duration and body mass calcu-
lated from a tree with branch lengths set according to Pagel’s (1992) arbitrary method. The tip data and phylogenetic tree are shown
in Table S1 and Figure S1, respectively. Log-transformed data were used for moult duration and body mass. Signiﬁcant results for
the randomization test of the mean squared error (MSE; lower values indicate better ﬁt of tree to data) on the phylogenetic tree indi-
cate the presence of phylogenetic signal for all traits. K statistics indicate the amount of phylogenetic signal relative to a Brownian
motion expectation (Blomberg et al. 2003).
Trait Expected MSE0/MSE Observed MSE0/MSE K MSEcandidate MSEstar P ln MLcandidate ln MLstar
Latitude 2.61 0.60 0.23 2385.07 1413.02 0.40 135.72 142.791
Moult duration 2.61 1.18 0.44 0.02 0.02 0.003 18.46 16.731
Body mass 2.61 4.30 1.65 0.04 0.11 < 0.001 8.77 7.540
ML, maximum likelihood; MSE, mean squared error. The ‘candidate’ is the observed tree topology, whereas the ‘star’ is a tree with
internal branch lengths set to 0.
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south, as indicated by the support for the linear and
quadratic models including latitude (Fig. 1b, Table 2).
The best supported models to describe the data were
quadratic OLS and PGLS models that included body
mass, latitude and their interaction (Table 2). The non-
phylogenetic and phylogenetic analyses yielded similar
best models. The best models with the lowest AICc had
AIC weights that were higher (0.53 for the OLS and
0.28 for the PGLS) than the weight of the next-best
model (PGLS including only latitude, ΔAICc = 4.01,
weight = 0.07). This indicates that in migrating
shorebirds, body mass and latitude correlate with moult
duration in a complex manner.
DISCUSSION
In contrast to what has been found in birds generally
(Hedenstr€om 2006, Rohwer et al. 2009), primary moult
duration in shorebirds was not directly correlated with
body mass, but body mass was correlated with primary
moult duration when taking latitude into account. This
suggests that body mass may affect the relationship
between latitude and primary moult duration and vice
versa.
Latitude can affect the relationship between body
mass and moult duration through different latitudinal
relationships for smaller and larger shorebirds, and/or a
difference in the allometric relationship between north-
ern and southern hemispheres. To demonstrate the
effect of body mass on the latitudinal relationship, we
calculated primary moult duration for a small (25 g)
and a large (250 g) shorebird using the parameter esti-
mates of the best, most extended quadratic OLS model
(Table 2). The results show that the decrease in moult
duration from south to north differs between small and
large shorebirds, and that large shorebirds indeed reach
minimal moult duration at more southern latitudes
than small shorebirds (Fig. 2a). Due to the quadratic
nature of the model, primary moult duration increases
again after reaching this minimum, while it is more
likely that, in reality, moult duration remains stable
thereafter.
To demonstrate the effect of latitude on the relation-
ship between primary moult duration and body mass,
we calculated allometric relationships for northern and
southern moulting shorebirds separately. Northern and
southern hemisphere moulting shorebirds did not differ
in body mass (149  34 vs. 117  18 g, respectively;
ANOVA, F1,25 = 0.68, P = 0.42), but note that the var-
iation was larger in the northern than southern hemi-
sphere (coefﬁcient of variation (CV) = 83 and 60%,
respectively). Geographical moulting location (hemi-
sphere) had a strong effect on the relationship between
moult duration and body mass (UNIVARIATE ANALYSIS OF
VARIANCE; log(body mass) P = 0.05; hemisphere
P < 0.001). The allometric regression was signiﬁcant for
shorebirds moulting at northern latitudes (Fig. 2b), but
not at southern latitudes (Fig. 2c). Although we cannot
exclude that the difference in variation in body mass
may have affected these results, the analysis as well as
the smaller variation in moult duration in the southern
hemisphere (CV = 12 vs. 28% in the northern hemi-
sphere) suggest that southern hemisphere shorebirds
may have maximized primary moult duration, and that
in these shorebirds, primary moult duration is not corre-
lated with body mass but rather with the maximal time
available for moult.
The allometric exponent of the northern hemisphere
shorebirds (0.17) was comparable to those of 0.19 found
(a)
(b)
Figure 1. (a) The allometric relationship between primary
moult duration in adult shorebirds that moult on their wintering
grounds and body mass at the moulting area (raw data). Body
mass was derived from another source when not given with
moult duration. (b) The relationship between primary moult
duration and latitude of the moulting site (raw data). The lines
represent the PGLS linear model (solid line) and the equally
well supported PGLS quadratic model (dashed line, see
Table 2). Symbols: circle, coastal species; triangle up, inland
species. See Table S1 for species abbreviations and sources.
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by Hedenstr€om (2006) and of 0.14 by Rohwer et al.
(2009), and similar to the exponent of 0.17 for primary
feather growth rate (Rohwer et al. 2009). This corre-
spondence may seem remarkable, but for his analysis,
Hedenstr€om (2006) used 60 species from Ginn and
Melville (1983 edition). These authors included only
species that breed or undergo a major moult in Britain,
in the northern hemisphere. Also, the majority of the 43
species used by Rohwer et al. (2009) moult in the
northern hemisphere. It may be worthwhile to assess
whether moult duration differs between northern and
southern hemisphere in birds in general.
The latitude of destination of these migrant shore-
birds thus seems a major determinant of their primary
moult duration, even affecting the allometric relation-
ship with body mass. Disentangling the effects of lati-
tude and migration distance is difﬁcult with our dataset,
as the vast majority of the populations in the analysis
breed at high northern latitudes so that migration dis-
tance and moult latitude are closely correlated. How-
ever, the latitudinal effect is also apparent in the much
shorter (~22%) moult duration of adult northern winter-
ing Red Knots and Grey Plovers Pluvialis squatarola
compared with non-breeding over-summering second-
year birds or captive adults (Serra et al. 2006, Dietz
et al. 2013). If migration distance had more impact on
primary moult duration than latitude, one would expect
that primary moult duration increases with migration
distance because feather quality is expected to increase
with moult duration (see below) and feathers are
expected to wear more when ﬂying longer distances.
This effect is present in the current dataset, where in
most taxa, migration distance increases when moulting
further south, and primary moult duration increases
from north to south. Yet the non-migrating Red Knots
and Grey Plovers had a longer moult duration than the
migrating adults, which indicates that in shorebirds it is
the environment, represented by latitude, that has a
major impact on moult duration, rather than migration
distance.
It is well known that the timing, rate and extent of
moult are ﬂexible (Jenni & Winkler 1994, Ginn & Mel-
ville 2007, Wingﬁeld 2008), enabling birds to solve part
of the problem of ﬁtting all life-cycle stages into 1 year
by varying the duration of moult (Helm & Gwinner
2006). If birds maximize feather quality and if slower
moult leads to higher quality feathers (Dawson et al.
2000, Hall & Fransson 2000, Serra 2001, Dawson 2004,
(a)
(b)
(c)
Figure 2. (a) The predicted relationship between primary
moult duration and latitude of moulting for a small (25 g, solid
line) and large (250 g, dashed line) shorebird. The best model,
the most extended quadratic OLS (see Table 2), was used to
calculate the predicted moult duration. (b) The allometric rela-
tionship between primary moult duration in adult shorebirds
that moult in the northern hemisphere and body mass at the
moulting area. The linear regression equation (solid line) is:
log(moult duration) = 1.53 ( 0.154) + 0.17 ( 0.08) log(body
mass) (n = 13, P < 0.05, R2 = 0.33). (c) The allometric rela-
tionship between primary moult duration in adult shorebirds
that moult in the southern hemisphere and body mass at the
moulting area (n = 14, P = 0.79, R2 = 0.01). Symbols: circle,
coastal species; triangle up, inland species. See Table S1 for
species abbreviations and sources.
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de la Hera et al. 2009, 2010), longer moult duration is
the better option (Hall & Fransson 2000, Serra 2001).
This suggests that for reasons other than feather quality,
primary moult is accelerated in northerly areas, an accel-
eration that comes with costs. Apart from a decrease in
feather quality (both a decrease in mechanical quality
and resistance to wear), accelerated moult may increase
daily energy costs for moult, ﬂight and thermoregula-
tion, and decrease ﬂight abilities, resulting in increased
predation danger (Jenni & Winkler 1994, Kjellen 1994,
Nilsson & Svensson 1996).
Flight feather quality must be essential to shore-
birds that make nonstop migration ﬂights of several
thousands of kilometres. In Grey Plovers, wing length
loss after a year varied between 0.7 and 3.3% of the
original length (Serra 2001). Primary moult duration
was the key factor determining feather durability, as it
explained 59% of the variation in annual rates of pri-
mary abrasion, whereas migration distance explained
only 14% (Serra 2001). Even though migration ﬂights
were probably considerably shorter in northerly than
in southerly wintering shorebirds (most of them bred
at high northern latitudes), the effect of moult dura-
tion on ﬂight feather quality is likely to have an
impact on ﬂight costs and predation-evading ﬂight
abilities (van den Hout et al. 2010). In addition to
this disadvantage, northerly wintering shorebirds may
endure increased thermoregulatory costs due to
decreased quality of their plumage (Nilsson & Svens-
son 1996). How northern wintering shorebirds deal
with these issues remains unknown.
We thank Danny Rogers, Ruedi Nager and two anonymous ref-
erees for valuable comments on earlier versions of this article.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the
online version of this article:
Table S1. Additional information of the species
used in Figure 1. Presented are species name and the
abbreviation used in Figure 1, mean latitude of capture
location, body mass, primary moult duration, and the
sources from which the data were obtained.
Figure S1. The phylogenetic tree used to generate
phylogenetically independent contrasts in log body mass
and latitude for 12 shorebird species. The phylogenetic
tree is based on Thomas et al. (2004) with the original
untransformed branch lengths. See Methods for details.
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